Suppressive effects of hot water extract of safflower leaves (Ex) and its major component luteolin-7-O-glucoside (LuGlc) on oxidative stress were determined in rats in which oxidative stress had been induced by paraquat (PQ). Both Ex and LuGlc suppressed lowering of food intake, and body weight gain, increases in lung weight, liver thiobarbituric acid reactive substances (TBARS), and a decrease in the liver triacylglycerol concentration were all induced by PQ-feeding. Rises in the liver total glutathione and oxidized glutathione concentrations in the PQ-fed rats were suppressed by adding Ex and LuGlc to the PQ diet. Moreover, Ex and LuGlc tended to suppress decreases in catalase activity in the liver mitochondrial fraction and liver ␣-tocopherol concentration which were induced by PQ-feeding. These results showed that both Ex and LuGlc, which is a major component of Ex, may be available to suppress oxidative stress in vivo.
The petals of safflower (Carthamus tinctorius L.) have been used as raw materials for the production of carthamin which is used in cosmetics, as a medicinal herb to cure menstrual irregularity, oversensitivity to cold, and menopausal and blood circulation disorders (Mizuno & Yoneda, 1983) . The antitumor and antiallergic activities of safflower petals also have been studied (Toyoda et al., 1997) and more recently their physiological functions have been extensively investigated (Kawashima et al., 1998) .
Most of the leaves of safflower are not used as food materials, but in spite of that, some phenolic compounds contained in these leaves may be useful for preventing oxidative stress. Scutellarein, a potent antiallergic flavonoid, is found in these leaves (Toyoda et al., 1997) . We previously found that a hot water extract of safflower petals had a preventive effect on oxidative stress induced by paraquat (PQ) (Yaginuma & Igarashi, 1999) . This suggests that a hot water extract of safflower leaves also may have a preventive effect on oxidative stress in vivo.
In this study, preventive effects of hot water extracts of safflower leaves (Ex) and a major component of Ex, Luteolin-7-Oglucoside (LuGlc), on PQ-induced oxidative stress were determined in rats.
In addition, PQ is known as an agent which induces oxidative stress by generating active oxygen species through redox cycling by microsomal NADPH-cytochrome P-450 reductase (Bismuth et al., 1990) . The administration of PQ is also known to affect antioxidative enzyme activities and TBARS of both erythrocytes and liver as well as those of lungs (He et al.,1994; Matovics et al., 1980; Barabas et al., 1984) . Therefore, in this experiment, effects of PQ on the antioxidative enzyme activities were determined in the erythrocytes and liver.
Although luteolin, which is an aglycone of Luglc, was reported to be effective in preventing lipid peroxidation in mice in which oxidative stress had been induced by doxorubicin (Sadzuka et al., 1997) and to reduce the frequency of micronucleated reticulocytes in peripheral blood of ␥-ray irradiated mice (Shimoi et al., 1994) , antioxidative activity of LuGlc in vivo has not been fully examined.
and was separated by successive silica gel column chromatography (developing solvent: ethyl acetate : 88% HCOOH : CHCl 3 : H 2 Oϭ19 : 1 : 1 : 1, v/v) and sephadex LH-20 column chromatography (developing solvent: MeOH). The purity of the isolated LuGlc was about 95% when determined by HPLC using the conditions mentioned above.
Animals and diets Male Wistar-strain rats were purchased when they were four-weeks-old and about 55 g in body weight, from Japan SLC (Hamamatsu). They were given a commercial pellet diet and water 4 days before the experiment, and then were divided into 6 groups of 5-6 rats. Each rat was housed in a stainless steel cage with a 12-h light and 12-h dark cycle (06 : 00-18 : 00 light), at a temperature range of 22-24˚C and a relative humidity of about 55%.
The composition of the experimental diet is given in Table 1 . There were six diets: there was a basal diet without PQ (methyl viologen, Sigma Chemical Co., St. Louis) (control diet), PQ diet, Ex and Luglc diets, and two PQ diets with Ex or LuGlc (PQϩEx and PQϩLuGlc diets, respectively). PQ, Ex, and LuGlc were added to the basal diet just before it was given to the rats to avoid interaction between PQ and any other sample as much as possible. The amount of PQ recovered from the PQ, PQϩEx and PQϩLuGlc diets was about 92-98% when these diets were mixed with 2% sulfosalicylic acid, and then the supernatant of the mixture was analyzed by HPLC as reported previously . The level of PQ in the diets was 0.025%. Ex and LuGlc were added to the diets at 0.8 and 0.1% levels, respectively. Food and water were provided ad libitum for 11 days.
Blood and liver Blood was collected by cardiac puncture from rats that had been anesthetized with Nembutal (Dainippon Pharmaceutical Co., Osaka) after 10 h of starvation at the end of the feeding period. Lungs and liver were detached after the blood collection and the organs were weighed. A 0.1 ml aliquot of the blood was added to 1.9 ml of physiological saline with gentle shaking. Then the mixture was centrifuged at 1000ϫg for 10 min to obtain the serum for measuring the concentration of serum Experimental conditions for HPLC are described in the text of the experimental section. Peaks 1,2 and 3 were identified as quercetin-7-O-glucoside, luteolin-7-glucoside and luteolin by co-injection with authentic samples, respectively. Detection at 360 nm. thiobarbituric acid reactive substances (TBARS) and to obtain an erythrocyte fraction as a precipitate. The erythrocytes were washed 3 times with physiological saline and lysed with H 2 O. An aliquot of the lysate was used for the measurement of Cu-Zn SOD activity after the treatment according to the method of Paynter et al. (1979) . The other parts of the lysate were used for measurements of catalase and glutathione (GSH) peroxidase activities. SOD and catalase activities were measured by the method of Imanari et al. (1977) , and of Tomita and Sano (1983) , respectively. The GSH-Px activity was measured using t-butyl hydroperoxide as a substrate according to the method of Lawrence and Burk (1976) , and of He and Yasumoto (1990) . A section of the right lobe of the liver was used to measure the TBARS concentrations and antioxidative enzyme activities. The serum used to measure the lipids was prepared by centrifuging the blood at 1000ϫg for 15 min. Preparation of subcellular fraction A homogenate for measuring the liver TBARS was prepared by homogenizing the liver with ice-cold 0.1 M phosphate buffer (pH 7.4) containing 1 mM EDTA and then by mixing with 2 volumes of 2.3% KCl. Cytosolic and mitochondrial fractions from the homogenate for measuring antioxidative enzyme activities were prepared according to the method of Del Boccio et al. (1990) , with slight modifications as previously reported (Ando et al., 2000) .
Antioxidative enzyme activities of cytosolic and mitochondrial fractions except for the glutathione reductase (GSSG-R) activity were measured as above. GSSG-R activity was measured by the method of He and Yasumoto (1990) . The definition of one unit of SOD and catalase activity is the amount of enzyme required to inhibit the rate of diformazan formation from nitrobluetetrazolium (NBT) by 50% per mg of protein and of the amount of enzyme needed to decompose 1 mol of H 2 O 2 per min per mg of protein, respectively. The definition of one unit of GSH-Px and GSSG-R activities is the amount of enzyme required to oxidize 1 mol of NADPH per min per mg of protein. The activities of erythrocytes antioxidative enzymes were expressed as units per mg of hemoglobin. The hemoglobin and protein contents were measured by using a commercial hemoglobin test kit (Wako Pure Chemical Ind., Osaka) and by the method of Lowry et al. (1951) , respectively.
Measurement of TBARS The serum TBARS concentration was determined by the method of Yagi (1976) , using the sample prepared as mentioned above and is expressed as nmol of malondialdehyde per ml of blood. The liver TBARS concentration was measured by the method of Uchiyama and Mihara (1978) , using liver homogenate that was prepared as described above.
Lipid analyses The total cholesterol, triacylglycerol, and phospholipid in the serum was enzymatically measured using commercial kits (cholesterol E-test, triglyceride E-test, and phospholipid B-test, respectively; Wako Pure Chemical Ind., Osaka). Serum HDL-cholesterol was enzymatically measured in the supernatant, obtained after the heparin-Mn precipitation of the other lipoproteins (Burstein et al., 1970) , using a commercial kit (HDL-cholesterol, Wako Pure Chemical Ind.).
The lipids from a frozen liver were extracted and purified by the method of Folch et al. (1957) . The lipids in the extract were measured using the same kits as those for the serum.
Measurements of glutathione and ␣-tocopherol To determine reduced-and oxidized glutathiones (GSH and GSSG, respectively), a frozen liver was homogenized with 10 volumes of 0.4 N perchloric acid containing 2.0 mM EDTA. The supernatant, which was obtained by centrifuging the homogenate at 10000ϫg for 5 min under 5˚C, was filtered with a 0.2 m filter. GSH and GSSG in the filtrate were measured by ion-pairing reverse phase HPLC coupled to a Coulometric electrochemical detector according to the method of Harvey et al. (1989) .
To determine ␣-tocopherol in the liver, a frozen liver was homogenized with 20 volumes of acetone containing 0.05% butyl hydroxyl toluene (BHT), and the homogenate was centrifuged at 3000ϫg for 10 min to obtain the supernatant. The precipitate was re-extracted with the same solvent and centrifuged. The combined supernatant was evaporated and then dissolved with a mixture of 1 ml of ethyl alcohol and 1.1 ml of H 2 O. nHexane-soluble fraction of the mixture was used for the measurement of ␣-tocopherol. Determination of ␣-tocopherol was carried out by HPLC with a fluorometric detector, using a column of Develosil NH 2 (4.6 mmϫ150 mm, Nomura Chemical Co., Seto-shi, Aiichi) and the mobile phase of n-hexane/isopropanol (99.5 : 0.5, v/v). The flow rate of the mobile phase was settled at 0.8 ml/min, and ␣-tocopherol was detected with excitation at 295 nm and emission at 340 nm.
Statistical analyses Values are given as means of standard errors. The homogenecity of variance between treatments was verified by Bartlett's test. Data were analyzed using a two-way analysis of variance (ANOVA) to study the effects of PQ, Ex and their interaction. Differences among groups were determined by Duncan's multiple range test (Duncan, 1957) after performing one way ANOVA, except that the Mann-Whitney test was used for nonparametric data. The data between the two groups were also compared by Student's t-test. The level of significance used was pϽ0.05.
Results and Discussion
Food intake, body and lung weights As shown in Fig.2 , food intake and body weight gain tended to decrease after 7 days in the rats that were fed the PQ diet, compared with figures in the control rats. The respective supplement of Ex or LuGlc in the PQ diet relieved lowering in both the food intake and body weight gain. As shown in Table 2 , the higher value in lung weight in the Table 2 . Effects of hot water extracts of safflower leaves (Ex) and luteolin-7-O-glucoside (LuGlc) on the food intake, body weight gain, lung weight, liver TBARS, and erythrocytes and liver antioxidative enzyme activities of rats fed the diets with or without paraquat (PQ). PQ-fed rats tended to return to the level of control rats when Ex or LuGlc was added to the PQ diet. The interactions between PQ and Ex, and between PQ and LuGlc were noted in the lung weight (% of body weight) (Table 3 ). These results suggest that oxidative stress by PQ might be suppressed by ingesting Ex and LuGlc; lung weight is known to be greater in PQ-fed rats than in the control rats (Abe, 1987) . TBARS and antioxidative enzyme activities As shown in Table 2 , although the serum TBARS concentration did not differ among the control (basal diet group), PQ, Ex and PQϩEx groups, and among the control, PQ, LuGlc and PQϩLuGlc groups, the liver TBARS concentration in the PQ-fed rats was significantly higher than that of the control rats. This higher value almost returned to the value of the control rats when Ex or LuGlc was added to the PQ diet. Interactions between PQ and Ex, and between PQ and LuGlc were observed in the liver TBARS (Table 3 ). These results suggest that the Ex and LuGlc can effectively relieve an increase in the liver TBARS which is induced by administering PQ.
Basal
As shown in Table 2 , the erythrocytes SOD and GSH-Px activities and the catalase activity in the liver mitochondrial fraction of the PQ-fed rats was significantly lower than those of the control rats. This shows that these enzyme activities were influenced by PQ administration. The addition of Ex to the PQ diet suppressed or tended to suppress the lowering in these enzyme activities, but interaction between PQ and Ex was not observed in them (Table 3 ). The addition of LuGlc to the PQ diet tended to suppress the lowering of the erythrocyte SOD activity and in the mitochondrial catalase activity caused by the PQ-feeding. On the other hand, the lower tendency in the mitochondrial SOD activity of the PQ-fed rats in comparison with that of the control rats (Student's t-test: 0.05ϽpϽ0.1 for both Ex and LuGlc) tended to be restored by adding Ex and LuGlc to the PQ diet. These results suggest that Ex and LuGlc may be effective in relieving PQinduced oxidative stress, by regulating changes in these enzyme activities caused by PQ-feeding. In this experiment, antioxidative enzyme activities and TBARS were compared at the final stage of the feeding period, in which catalase activity in the liver mitochondrial fraction showed a lower value than that of the control rats. Since it is known that increase or decrease in antioxidative enzyme activity depends on the amount of PQ administered and on the feeding period (Matovics et al., 1980; Barabas et al., 1984) , comparison of the enzyme activity between groups might also be necessary during the intake period.
The GSH-Px activity in the cytosolic fraction showed a higher tendency and higher value in the Ex-and LuGlc-fed rats, respectively, than in the control rats, and the effects of Ex and LuGlc were observed (Table 3 ). This result suggests that Ex and LuGlc may be effective in activating GSH-Px which scavenges active oxygen species such as hydrogen peroxide and hydroperoxide. However, detail experiments may be necessary to confirm the GSH-Px activating activity of Ex and LuGlc, because the other antioxidative enzyme activities were not influenced by feeding Ex and LuGlc at a statistically significant level.
The tendency to increase the NADPH-cytochrome P450 reductase activity by PQ-feeding (Student's t-test: 0.05ϽpϽ0.1) and significant suppression in increasing this enzyme's activity by supplementing LuGlc to the PQ diet, suggest that the redox cycle may be activated by PQ to produce superoxide anion and the other active oxygen species when PQ is administered. LuGlc may be effective in suppressing the formation of active oxygen species by inhibiting the NADPH-cytochrome P450 reductase. The relief by both Ex and LuGlc on the changes in the antioxidative enzyme activities caused by PQ-feeding may indicate that the protective effects of Ex were partly the result of LuGlc which it contained. However, as the content of LuGlc in the Ex was about 3%, the other components in Ex may also pertain to the activity of Ex.
Lipid levels The results are shown in Tables 4 and 5 . Although the concentration of serum total cholesterol did not differ between the control and PQ-fed rats, the atherogenic index showed a higher tendency in the latter animals. An elevated atherogenic index in the PQ-fed rats was suppressed by adding Ex and tended to be suppressed by adding LuGlc to the PQ diet, respectively, but interaction between PQ and Ex, and between PQ and LuGlc were not observed. These results show that PQ toxicity may cause a rise in the atherogenic index, and that Ex and LuGlc may suppress a rise in this index which can be induced by oxidative stress.
The addition of LuGlc to the control diet tended to lower the serum triacylglycerol and phospholipid concentrations, because its effect was observed on these lipid concentrations (Table 5) . These results suggest that LuGlc itself acts to lower these serum lipid levels.
The liver triacylglycerol concentration, which was lowered by PQ, was partly restored by the addition of Ex and LuGlc to the PQ diet, and interactions were observed between PQ and Ex, and between PQ and LuGlc (Table 5 ). These results indicate that Ex and LuGlc may be effective in suppressing a decrease in the liver triacylglycerol concentration caused by severe oxidative stress.
One reason for the decrease in liver triacylglycerol in the PQfed rats (Table 4 ) may have been its use as an energy source in the animals which could not retain their body weight with decreased food intake after 7 days. Therefore, decrease in the serum and liver triacylglycerol concentrations may be, in part, closely related to a decrease in the food intake caused by severe oxidative stress by PQ.
Glutathione and ␣-tocopherol levels As shown in Table 6 , liver GSH, GSSG and total glutathione (GSHϩGSSG) concentrations showed higher values in the PQ-fed rats than in the control rats. These higher values tended to return to the control rat's level with supplementation of Ex and LuGlc to the PQ diet.
Interactions between PQ and Ex, and between PQ and LuGlc were observed in the concentrations of GSSG and total glutathiones (Table 7) . The interaction between PQ and LuGlc was not observed in the GSH concentration.
The higher values of GSH, GSSG, and total glutathione concentrations in the PQ-fed rats in comparison with those of the control rats ( Table 6 ) may indicate that oxidative stress induces biosynthesis of glutathione in rats.
An increase in the liver total glutathione concentration by PQfeeding may suggest that an increase in the total glutathione concentration can be used as a biomarker for oxidative stress, as suggested by Adams et al. (1983) . However, more detail experiments may be necessary to confirm this phenomenon. Suppression by Ex and LuGlc on increases in GSH, GSSG, and total glutathione concentrations by PQ-feeding may indicate that Ex and LuGlc could be used to spare GSH which was needed in the action of GSH-Px. Consequently, liver GSH concentration of PQϩEx-and PQϩLuGlc-fed rats might be retained at a value near that of the control rats.
In contrast to the GSH and GSHϩGSSG concentrations, the concentration of liver ␣-tocopherol showed a significantly lower value in the PQ-fed rats than in the control rats. Supplementing Ex to the PQ diet tended to suppress a lowering of ␣-tocopherol concentration by the PQ-feeding, and a significant interaction between PQ and Ex was observed (Table 7) . Supplementation of LuGlc to the PQ diet also tended to suppress the lowering of the ␣-tocopherol concentration in the PQ-fed rats, but no interaction was observed between PQ and LuGlc. Suppression or a tendency to suppress the decrease in ␣-tocopherol concentration expressed as g per mg of liver lipid by supplementing Ex and LuGlc to the PQ diet may especially indicate that Ex and LuGlc are effective in preventing oxidative stress by PQ. The reverse changes between the liver GSH and ␣-tocopherol concentrations may arise from the fact that ␣-tocopherol cannot be synthesized in vivo, but GSH can. Therefore, if oxidized ␣-tocopherol cannot be reduced again to ␣-tocopherol, the ␣-tocopherol concentration may continue to decrease, resulting in its showing of a lower value.
In this study, hot water extract of safflower and its major component, luteolin-7-O-glucoside, was suggested to be able to suppress oxidative stress in vivo. Although we reported previously that a hot water extract of safflower petals has activity to suppress oxidative stress caused by PQ, the active principle in the hot water extract of the petals may be different from luteolin-7-Oglucoside, because very little luteolin-7-O-glucoside was found in the extract of the petals, compared to that in the Ex.
